ABSTRACT: A coarse-grained model has been built to study the effect of the interfacial interaction between spherical filler particles and polymer on the mechanical properties of polymer nanocomposites. The polymer is modeled as bead-spring chains, and nano-fillers grafted with coupling agent are embedded into the polymer matrix. The potential parameters for polymer and filler are optimized to maximally match styrene-butadiene rubber reinforced with silica particles. The results indicated that, to play a noticeable role in mechanical reinforcement, a critical value exists for the grafting density of the filler-polymer coupling agent. After reaching the critical value, the increase of grafting density can substantially enhance mechanical properties. It is also observed that the increase of grafting density does not necessarily increase the amount of independent polymer chains connected to fillers. Instead, a significant amount of increased grafting sites serve to further strengthen already connected polymer and filler, indicating that mechanical reinforcement can occur through the locally strengthened confinement at the filler-polymer interface. These understandings based on microstructure visualization shed light on the development of new filler polymer interfaces with better mechanical properties.
Introduction
Although it has become a routine technique in industry to reinforce rubber's mechanical properties through adding carbon black or silica fillers, the underlying molecular origins for these reinforcements remain unknown or controversial, mainly due to the tremendous difficulties in directly measuring the atomic level events [1] [2] [3] [4] . The missing knowledge link between molecular structure and macroscopic-level mechanical behaviors hinders rapid and efficient design of new filler-polymer composites. Over the past decades, the industry community heavily relies on experience and trial-and-error methods.
There is an urgent need to bridge the knowledge gap through theory and modeling.
Molecular dynamics (MD) simulation, as one kind of molecular model, is the most promising tool to accomplish this goal. MD starts from Newtonian dynamics of each single atom and therefore is able to capture molecular structure and dynamic behavior of a filler-polymer system. In addition, the interatomic interactions are introduced through ready-made empirical potentials so that a considerably large size can be constructed (up to micrometer) and the simulation time can reach up to microsecond. Despite the time and size gaps between current MD simulation and real scenarios, the fundamental features of filler-polymer system can still be captured. It has been widely recognized that the filler-polymer interface plays an important role in mechanical reinforcement. In the tire industry, the filler size is approaching the nanometer scale (!10 nm [5] ), a size that can be modeled in an MD simulation. When plastic deformation or other unique properties such as Mullins effect and Payne effect [6] occur, chemical or physical bonding ruptures [7] at the filler-polymer interface are essential for these irreversible processes. The time scale for bonding rupture and formation is on the order of femtoseconds and can also be appropriately described in an MD simulation. Hence, MD simulation has become a powerful tool to provide atomic insight for filler-polymer micromechanics. For example, to interpret stress softening in Mullin's effect, different micro-level mechanisms have been proposed such as bond rupture [7, 8] , molecular slipping [9] , disentanglement [10] of polymer chains, and the double layer model [11] , which invites further explorations using molecular models. Finite element modeling (FEM) of rubber has been widely used in the tire industry. The formulation of reliable constitutive relations for filler-polymer composites in the context of continuum mechanics is the key for the success of FEM. It was recently revealed the localized strain concentration around nanoparticles can reach to 200% [12] under a macro-level strain of 15%, which cannot be properly predicted by conventional FEM. Tang et al. [13] has proposed a two-scale constitutive relation to address this issue by arguing that the mechanical response of filler-polymer composites originates from two sources: the filled polymer network and free chains. This new phenomenological constitutive law successfully predicts the over-strain in filled rubber; however, it is in lack of physical evidence for the existence of free chains around fillers [13] . Molecular level information is required to provide atomic level validation. With many similar issues remaining unsolved, in conjunction with the rapid development of computational hardware, we have seen continuous efforts to use MD simulation to investigate filler-polymer composites and explain the micromechanics of nanocomposite materials.
A full atomic model [14, 15] has been built to investigate the mechanical properties of filler-polymer composites. Its advantage comes from its full resolution of atomic details so that it can better represent the atomic structure in polymer chains. However, it suffers from its modeling size: usually, only one filler can be included due to its computational cost. A coarse-grained (CG) model then finds its way into the modeling of the filler-polymer system [16] [17] [18] . The CG method treats a repeating atom cluster (monomer) as a single bead and neglects atomic features inside the monomer; therefore, it is able to substantially scale up simulation time and model size. Considering the fact that it is the filler-polymer interface that plays the pivotal role in mechanical reinforcement, the sacrifice of atomic features of the monomer chain is reasonable. Fruitful results have been achieved through these two methods. Using a molecular model, it has been demonstrated that the decrease of filler size as well as the increase of interaction between filler and polymer can considerably increase the Young's modulus of filler-polymer composites [19, 20] . Also through a molecular model, the low mobility of polymer around filler was observed during elongation [21] , and a layer with high chain density near the filler surface was reported [22] . Both simulations are consistent with the experimental observation of distinctive mechanical properties in the fillerpolymer interfacial region [23] . To study the effect of filler dispersion, multifiller systems were also investigated through the CG method. For example, it was found that the alignment of nano-rods can affect the elastic property of filled polymer [24] . Despite these interesting discoveries through an MD simulation, many underlying mechanisms remain unclear due to the complexity of filler-polymer system. For example, in past decades, using silane to functionalize filler to achieve better filler-polymer interactions has won popularity in the tire industry. The use of silane introduces more complexity to the modeling, and the explicit inclusion of silanes in molecular model is rare. We also notice most modeling works in the literature apply tensile deformation by deforming all atoms uniformly. Although the uniform deformation simplifies the calculation, it also imposes unphysical processes into the simulation, considering inhomogeneity is the hallmark of the filler-polymer interface [24] [25] [26] . In this work, we develop a CG model for a filler-polymer system in which silane molecules are modeled as generic linkers to connect filler and polymer. A more realistic elongation method to generate a stress-strain curve is used in this research so that inhomogeneity at the interface can be well captured. After obtaining a reliable molecular model, the study focuses on the effect of silane, more specifically, the grafting density effect on the elasticity of filled styrenebutadiene rubber (SBR). The microstructure evolution around filler with atomic level information is presented to interpret mechanical reinforcement.
We arrange the paper as follows. We have a detailed introduction about the molecular model, including how to build the filler-polymer system for SBR and how to develop the interatomic potentials. Then, we validate our model by comparing simulation with experiment from the literature. Effects of temperature and cross-link amount on the tensile behavior of unfilled polymer are investigated first. After validation, we study the elastic reinforcement mechanism of filled SBR rubber in the presence of silane.
Methodology
We use a CG model to simulate the SBR nanocomposite. There are three essential elements: polymer chains, filler, and silane. The bead-spring model is used to mimic the SBR. The basic repeating block, a monomer, consists of two chemical units: styrene (23.5% in mass ratio) and butadiene (76.5%) [27] . In the bead-spring model, a spherical bead represents one SBR monomer C 21 H 30 that connects to its adjacent beads through covalent bonds (modeled harmonic springs). The bead-spring model of the SBR chain segment is illustrated in Fig.  1a . Silica and carbon black are often used as filler in SBR. The filler takes the regular polygon shape, and its size approaches the nanometer scale (usually !5 nm). Spherical silica filler with a diameter of 10 nm is then modeled in our simulation. Figure 1b illustrates single silica filler embedded in a polymer matrix. Silane molecules modeled by generic linkers are used to bridge the filler and its surrounding polymer. Generic linkers chemically bond to filler and polymer. The modeled filler (blue), generic linkers (yellow), and polymer (red)
FIG. 1 -(a) Bead-spring model for SBR polymer. (b) Polymer matrix (red) embedded with single filler (blue) through linkers (yellow). (c) Polymer matrix embedded with multiple fillers, which are used for the mechanical test.
are shown in Fig. 1b , and the nanocomposite bar used to conduct mechanical measurement is illustrated in Fig. 1c .
There are two categories of interatomic interaction in a filler-polymer system. The adjacent monomers in one polymer chain are connected through a covalent bond. The harmonic potential for the attractive force, in conjunction with Lennard-Jones (LJ) potential mainly for the repulsive force, is used to represent the covalent bond, whose form is expressed as
where the balance distance of harmonic potential r 0 ¼ 0.98 and its compliance K ¼ 420. r and e use the same values as those in L-J potential for polymerpolymer interaction as shown in Table 1 . Generic linkers serve as a bridge between the filler and the polymer, and they also connect with the filler and the polymer through a covalent bond whose stiffness is the same as that of the polymer bond. For those without chemical bonding, the long-range van der Waals force dominates the interaction. The L-J potential described below is adopted for the long-range interaction
where r c denotes cutoff distance and r is the distance between two monomers. r and e represent length and energy parameters, respectively. Table 1 exhibits nondimensional parameters of the L-J potential between linkers and linkers, filler and linkers, linkers and polymer, filler and polymer, polymer and polymer, and filler and filler. It is worth mentioning that single filler is treated as a rigid body in the simulation. It is allowed to translate and rotate. However, there is no internal freedom within the filler. Considering the fact that silica and carbon black, typical fillers used in rubber, are much harder than polymer, the rigid assumption is reasonable. The random walk method is used to generate a polymer matrix. The head monomer of the polymer chain is randomly generated in the simulation box. Starting from the seed monomer, the subsequent monomers are generated following the rule that adjacent monomers have a minimum distance r 0 ¼1r 0 , and there are no overlaps between three sequential monomers. Cross-linkers are added into polymer in such way that each cross-linker connects two different polymer chains. To embed fillers into the system, we first randomly select initial points and expel a spherical space larger than the filler size by using a virtual atom. We then insert the fillers grafted with linkers into the system and run the system to reach equilibrium. After that, we find the nearest monomer for each linker and connect them. With another equilibrium, the nanocomposite system is ready for a mechanical test. We use a large-scale atomic/molecular massively parallel simulator code [28] to implement the CG model. A dimensionless unit is adopted. To correlate the CG model with an actual material, three basic units should be specified. To model SBR, the mass unit m 0 , energy unit e 0 , and length unit r 0 are set as 282 g/mol, 3 kJ/mol, and 2 nm separately. The energy unit is obtained from the activation energy of two nonbonded SBR monomers that are described in detail in the following section. For the system we are using, there are 400 beads on each chain and 300 polymer chains in total. The system goes through an isothermal-isobaric (NPT) process with P* ¼ 0 and T* ¼ 1 until there is no noticeable dimension variation. After equilibrium, the dimension of the fillerpolymer model is 168 nm 3 84 nm 3 84 nm. To conduct the tensile test, we fix one end of the polymer bar and stretch the other end. During elongation, free boundary conditions are applied on all surfaces.
Results and Discussion

Interatomic Potentials
To get potential parameters for the CG model, we run a full atomic model using consistent valence force field (CVFF) [29] as the reference. CVFF is an empirical potential for protein and organic molecules whose parameters are derived from the first principles calculation. To characterize the energy parameters in the L-J potential between polymer monomers, we construct two SBR monomers and measure the potential energy as a function of the separating distance by using the CVFF potential. To make our measurement statistically sound, we also rotate one monomer with angles of 90 and 1808, respectively. The average activation energy based on different configurations is used to characterize the long-range van der Waals force, and the energy parameter of polymer-polymer L-J potential is obtained as e pp » 3 kJ/mol. We also characterize the bonding energy between two adjacent monomers in the same chain. A carbon-carbon double bond (sp2) is constructed using CVFF, and the potential energy is mapped out as shown in Fig. 2 . The harmonic potential is then fitted to it by adjusting the stiffness parameter K. We notice that it is impossible to have a perfect fitting over the whole distance range through a harmonic potential. Thus, we only focus on the equilibrium regime, the potential well. It is reasonable because molecules tend to reside and vibrate in equilibrium states, and mechanical stimulation only causes small perturbation around the potential well most of the time. The fitted harmonic potential curve is plotted in Fig. 2 (red dashed line) with K ¼ 420 (0.523 N/m), meaning the strength of the harmonic bond is approximately 110 times of that of the L-J potential. It is worth pointing out that we deliberately avoid using the real carbon-carbon bonding distance in the harmonic because each bead in our model represents a cluster of atoms. Considering that we are modeling an equivalent bonding, the equilibrium bond length is set as r 0 ¼ r 0 (2 nm).
Effect of Cross-Link Density
After obtaining potential parameters for our system, we then examine the effect of cross-link density on stress-strain behavior. In the tire industry, vulcanization is a necessary chemical process by adding sulfur molecules to cross-link polymer chains, thereby giving rise to a more durable network. One direct outcome of vulcanization is the increase of Young's modulus. We use this well-known fact to validate our model. After vulcanization, the cross-linked polymer matrix without filler is stretched up to 300% strain, and the snapshots at different strains can be seen in Fig. 3c . Because we are using free boundary conditions on all directions, we can see the formation of necking, which matches the experimental observation. We also plot the engineering stressstrain curve in Fig. 3a and compare it with the curve from the experiment, as shown Fig. 3b . In the experiment [30] , the unfilled SBR polymer (20 mm 
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experiment (Fig. 3) . Note that we do not aim at achieving quantitative-level accuracy considering the simplification of our model. The match in trend between simulation and experiment meets the requirement.
The amount of cross-links significantly affects the tensile behavior of polymer materials. Increasing the amount of cross-links enhances the tensile strength. It reduces the flexibility of polymer chains, and then it requires larger force to stretch the system [31] . We conduct tensile tests with different amounts of cross-links in our model. As shown in Fig. 4 , the tensile strength is enhanced with the increase of cross-link density. We also compare the simulation results with the experiment from Berriot et al. [31] . In the experimental work, the tensile tests were conducted on SBR specimens containing different weight
FIG. 3 -(a) Simulation result of cross-linked polymer where sulfur weight fraction is 0.9%. (b) Experimental result from literature (unfilled SBR) [30]. (c) Snapshot of stretched cross-linked polymer at strain 150% (top bar) and strain 300% (bottom bar).
FIG. 4 -Tensile behavior of polymer model with different cross-link densities.
fractions of sulfur. A similar trend is observed; that is, increasing the sulfur fraction increases the cross-link density, leading to stress enhancement.
Effect of Temperature on Tensile Behavior of Cross-Linked Polymer
Polymer materials exhibit distinctive behaviors under different temperatures. Below the glass-transition temperature (T g ), it is in a glassy state, whereas above the T g , the polymer is in a rubber state. When used in a tire, SBR is in the rubber state. We need to characterize the state of the filler-polymer system used in the model before running meaningful tests. Figure 5 shows the tensile test results of the cross-linked polymer matrix at different temperatures. Two distinctive trends can be observed, indicating there is a transition from a glassy to a rubber state. At low temperature (glassy state), the increasing rate of stress is much higher at the initial stage, and there exists a yield point that is a typical phenomenon for plastic polymer [32] . At high temperature (rubber state), it becomes easier to stretch the SBR bar, and there is no yield point. The difference originates from the chain entanglements. We know that the microscopic reflection of temperature is the thermodynamic motion of molecules. When in glassy state (low temperature), monomers tend to reside locally so that they cannot overcome the local chain entanglement through thermal motion themselves. Consequently, it requires a larger external force to disentangle the polymer chains. The rubber state, in contrast, is characterized by chain segment motion; thus, it can easily break the chain entanglement through thermal energy. Regardless of the state, when deformation is large enough, rubber experiences a hardening process, indicated by a dramatic increase of stress (Fig. 5) . This regime comes from the stretching of the network formed by cross-links. 
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Effect of Grafting Density
After having a reliable molecular model, we investigate of the effect of the grafting density of silane on the mechanical properties. In industry, to achieve better interaction between filler and polymer, silane coupling agents are routinely used to functionalize the surface of inorganic fillers. Silanes used in tire rubber are bifunctional organic silicon compounds with reactive groups on both ends to form chemical bonds with filler and polymer at the same time. Tetrasulfide, forming two filler-polymer connections in tire compound, is modeled as a generic linker in our simulation. The molecular formula of tetrasulfide is C 18 H 42 O 6 Si 2 S 4 , with a relative molecular weight of 538 g/mol. Hence, in our model, the molecular weight of one linker is 269 g/mol. The final filler-polymer configuration can be found in Fig. 1c . In the literature, we can see some modeling work focuses on the effect of the interaction strength between filler and polymer [24] . However, there is little published work on the grafting density effect of silane. We look at it from a molecular point view. To isolate the grafting density effect from other parameters such as filler interaction and dispersion, we deliberately use a very small amount fraction of filler, six fillers in total, corresponding to a 0.27% volume fraction. In such a case, there is no noticeable interaction between fillers. Fig. 6 exhibits the stress-strain behavior of the filled polymer at different linker concentrations similar to the chemical bonds between the polymer and silica surface in a real silica-reinforced SBR system. It is found that when the grafting density is low, at 0.155/nm 2 corresponding to 96 linkers, the stress reinforcement is negligible compared to the unfilled polymer case. When the grafting density reaches 0.331/nm 2 , corresponding to 205 linkers, the stress reinforcement becomes significant. There is a critical value for the grafting density of filler-polymer covalent bonds to have an effect on the mechanical reinforcement. In silica-filled SBR tire tread compounds, a typical loading of bis [3-(triethoxysilyl) propyl]tetrasulfide (silane) is 8 wt% relative to the amount of silica. Considering each silane molecule provides two possible filler-polymer connections as mentioned above, this silane concentration translates to 0.312/ nm 2 or 196 potential filler-polymer connections to the spherical silica particle (diameter ¼ 10 nm used in simulation). This value is comparable to the critical linker grafting density determined from the modeling.
We then want to understand the microstructural origin for the mechanical reinforcement. We notice that although for the four cases the numbers of linkers on one filler are increasing, many of them are attached to the same polymer chain but at different grafting sites. As shown in Fig. 7 , chain II is bonded to the filler at different sites. By calculation, we find that the averaged amounts of independent polymer chains bonded to one filler are 17, 18, 19, and 19 for the four cases separately, indicating that there is a saturating amount of polymer chains able to grafted to one filler. Therefore, the amount of independent polymer chains bonded to filler is not the reason for the mechanical reinforcement.
To further explore its molecular origin for the reinforcement, we visualize two representative chains in polymer matrix at 400% strain for four cases [one unfilled and three filled cases (0.155, 0.497, and 0.663/nm
2 )] as shown in Fig. 7 . Chain I is not bonded to any filler, whereas chain II is connected to the filler through linkers. We then calculate the per-atom stress of each monomer as indicated by its color. It can be seen that there is stress concentration around the filler especially at the bonding site, and the degree of concentration increases with the increase of grafting density. As shown in Fig. 7d , the maximal stress reaches 80 M, whereas the maximal stress in Fig. 7b is around 30 M. As we have calculated, the numbers of grafted independent polymer chains on the filler are similar. Thus, the increased grafting sites are on the same polymer chain, leading to two consequences: (1) . it strengthens the interaction between the polymer chain and the filler, leading to a local reinforcement at these particular sites; and (2) when more sites of one polymer chain are attached to the filler, it reduces the mobility of both the polymer chain itself and all monomers in the vicinity of the filler. Due to the formation of the network characterized by one large-size, low-mobility filler and its branches formed through filler-polymer linkers and sulfur cross-linkers, adding more bonding sites strengthens the network and thus reduces the mobility of the whole interfacial region. Any tendency to stretch the polymer chain in this region requires larger stress. This stress can propagate through the polymer chain into the polymer matrix. It then affects an area much larger than the filler itself and explains the existence of the interfacial region often observed in experiments [25] . The model results also confirm the experimental observation that immobilized polymer tends to arise around filler [33, 34] due to filler-polymer attachments. It is also worth mentioning that the volume fraction of filler is unrealistically low, mainly to isolate other parameters. When the volume fraction of filler reaches to the industrial level (10-25%), a filler network connected through grafted polymer chains is formed that further augments the reinforcement.
Conclusions
A CG bead-spring model has been built to investigate the molecular origins for the mechanical reinforcement of SBR. We first calculate the potential energy through a full atomic potential and then use these energy values to characterize the interatomic potential for the CG model. To validate our model, the effects of cross-link density and temperature are studied, and the results are compared to published experimental data. Cross-linking (vulcanization) is a very mature technique in experiment to improve the durability of polymer, and the model can well capture the mechanical enhancement due to cross-linking. Filled polymer is very sensitive to temperature, leading to a phase transition from a glassy to a rubbery state. The model is able to recognize the transition and regenerate the distinction in their stress-strain behaviors. We also study the effects of the linker grafting density on the stress-strain behavior of filled SBR. The increase of grafting density can significantly enhance mechanical behavior. It is revealed that the increased graft density does not increase the number of grafted polymer chains. In fact, there is saturating amount of independent grafted polymer chains on one filler. The increase of linkers only gives rise to more grafting sites for the same polymer chain. Adding more grafting sites for the same polymer chain increases the interacting strength on these specific sites (a local effect), and more importantly, reduces the mobility of the interfacial region through the network centered at the filler and branched by filler-polymer linkers and cross-linkers (an augment effect). These two effects synergistically account for the mechanical reinforcement in filled polymer. Our findings provide molecular evidence for the effects of the filler-polymer interface on the mechanical reinforcement of polymer nanocomposites.
